Introduction
The main strength of hybrid metal halide perovskite solar cells is their high power conversion efficiency, which can reach values over 25%. [1] However, an underdeveloped aspect of these devices is their stability, for which further investigation and improvement are needed. One of the most important aspects considered for improvement is the structural stability of the perovskite layer, which is influenced by the stoichiometry of the material and, therefore, also affects the environmental stability of the device. [2] [3] [4] [5] A perovskite with low structural stability can be affected by degradation, for example, in the form of phase segregation. [6] An approach to improve the structural stability is to use elaborate compositions involving multiple cations or halide ions based on the Goldschmidt tolerance factor, which will be addressed later. [5, [7] [8] [9] The caveat with this method is that, generally, perovskite solar cells are based on thin films. This brings more factors into the equation: the morphology of the layer and the presence of defects. The solution processes used to make perovskite thin films introduce defects into the layer, for example, in the form of grain boundaries, which have been correlated with the material's instability. [10] The choice of solvent, the use of antisolvent, and the processing method can all influence the morphology, which in turn gives rise to different degrees of stability. [11] Therefore, to investigate the intrinsic stability of new perovskite compositions, it is possible to circumvent the variability of the morphology of thin films by using single crystals. Crystals typically have fewer defects that act as charge traps, [12, 13] and are characterized by long-term stability. [2] Here, we propose to select a metal halide perovskite that was previously synthesized in single crystal form to ensure that it is structurally stable and investigate how the material performs in spin-coated thin films.
A tool that can be used to predict a perovskite's stability is the Goldschmidt tolerance factor, which gives criteria for the radii of the ions that can fit in the structure. [14] For lead-based perovskites, the incorporation of cesium and formamidinium (FA) makes it possible to improve the Goldschmidt tolerance factor compared with a mixed halide perovskite based on the methylammonium (MA) cation, such as MAPbI 3Àx Br x . For example, the compositions Cs 0.15 FA 0.85 PbI 3 , Cs 0.17 FA 0.83 PbI 1.8 Br 1.2 , and Cs 0.05 FA 0.16 MA 0.79 PbI 2.49 Br 0.51 have a better tolerance factor and, therefore, a higher stability. [5, 7, 9] Cs 0.17 FA 0.83 PbI 2.49 Br 0.51 was used in a perovskite-silicon tandem solar cell with a power conversion efficiency of 23.6% and high environmental stability. [15] Here, we investigate similar compounds, with composition Cs 0.1 FA 0.9 PbI 3Àx Br x (where x is 0.45 or 0.6), of which the x ¼ 0.6 variety was previously synthesized in single crystal form and demonstrated to be stable. [16] We report the first investigation on the x ¼ 0.45 compound, which we anticipated to be similar to the higher bromine content perovskite in terms of structural stability. Because of the lower bromine ratio, we expected to have a broader absorption range due to a slightly narrower bandgap, which is favorable for multijunction photovoltaic applications. We find that these compounds are stable both as single crystals and thin films, which allows for a comparison of the photophysical and structural properties in each form. We also observe that there is a difference in phase purity of the spin-coated thin films. The higher bromine content perovskite has traces of the δ-phase of both CsPbI 3 and FAPbI 3 -both non-perovskite phases-as determined by grazing-incidence wide-angle X-ray scattering (GIWAXS), whereas the material with the lower bromine content only has traces of the δ-phase of FAPbI 3 . Time-resolved photoluminescence experiments indicate that the film containing both non-perovskite phases displays lower charge carrier lifetimes. Interestingly, more commonly applied techniques such as confocal laser scanning microscopy (CLSM) and energy-dispersive X-ray spectroscopy (EDX) cannot detect the impurities in our films. Based on all our data, we conclude that the lower bromine content material is the best choice for optoelectronic applications.
Results
Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 was selected for its structural stability, which is due to its favorable Goldschmidt tolerance factor (t ¼ 0.84). Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 has a similar tolerance factor; therefore, we expected it also to be stable. The lower bromine content should lead to an absorption onset at longer wavelengths, which is beneficial for the use in multijunction photovoltaic devices. We verified this by measuring the optical properties of both compounds. Figure 1a shows the absorbance of both Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 and Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 in spin-coated thin films. The decreased bromide content of Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 leads to a redshift of about 20 nm. This is in agreement with previous literature, where higher bromide content leads to a wider bandgap material. [16] The photoluminescence (PL) spectra also show a redshift for the sample with the lower bromide content. Here, the shift between the two compositions is smaller (15 nm) compared with that for the absorbance spectra.
During the previously reported synthesis of Cs 0.1 FA 0.9 PbI 3Àx Br x perovskites, impurities such as the non-perovskite δ-phases of FAPbI 3 and CsPbI 3 were found. [16] To verify that the compositions of our films are phase pure, X-ray diffraction (XRD) measurements were performed. Powder XRD measurements were unable to determine the crystal structures of the films: first, the peak intensities cannot be quantitatively analyzed due to the small sample volume probed in this geometry, and, second, the peaks are significantly broader than the instrumental resolution ( Figure S1 , Supporting Information), preventing the resolution of any peak splitting due to tetragonal distortion and making it difficult to detect any compositional inhomogeneity. Nonetheless, a weak unindexed peak at 2θ ¼ 11.7 in both patterns ( Figure S2 , Supporting Information), which corresponds to the (100) peak of the non-perovskite δ-FAPbI 3 phase (concentration around 1 wt%), is revealed. [5] However, no traces of δ-CsPbI 3 could be detected with powder XRD.
CLSM was used to verify that the films are free of δ-CsPbI 3 . Because the non-perovskite phase of CsPbI 3 has broad photoluminescence ranging from 450 to 600 nm, [17] it will be discernable from the emission of the cesium-FA compounds. CLSM was performed to check the uniformity of the emission in terms of energy and intensity over the surface of the thin films ( Figure 2a,b) . Because of the band pass filters used in the confocal setup, it is not possible to locate different compositions with only slight variations in the stoichiometry. However, the filter with a band pass of 590 AE 40 nm would be able to detect δ-CsPbI 3 . From the photoluminescence maps, there are no traces of emission from δ-CsPbI 3 : we only see the emission of the films in the 780 nm long-pass range. In addition, we looked for variations in emission intensity, which might indicate the presence of different phases that act as recombination sites. Both films have good uniformity in the photoluminescence signal, and the only variations arise from morphological features. The morphology was characterized using atomic force microscopy; images of the films are shown in Figure 2c -f. The films seem smooth with crystal grain sizes on the order of hundreds of nanometers: this is due to the high number of nucleation sites induced by the antisolvent method during spin-coating. The structure of the thin films was further studied by GIWAXS (see Figure 3a -d for 2D images). The GIWAXS patterns suggest that both thin films have an almost isotropic structure with only a weak orientation of the crystallites. Comparing the integrated intensity versus q plots in Figure 4e of Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 and Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 , we can see that there are two additional peaks at low q values for the latter material: at q ¼ 0.69 Å À1 and q ¼ 0.82 Å À1 . These q values translate to 2θ angles of 9.7 and 11.5 , respectively. These peaks in the film with higher bromine content are attributed to two nonperovskite phases: the orthorhombic δ-phase of CsPbI 3 and the δ-phase of FAPbI 3 . [5, 18] These phases are present throughout the entire thickness of the Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 film, as shown by the presence of these peaks independently of the incident angle used to acquire the GIWAXS profiles ( Figure S3 , Supporting Information). Upon close inspection, we can also find the q ¼ 0.82 Å À1 peak in the film of Cs 0.1 FA 0.9 PbI 2.55 Br 0.45, confirming the results obtained with XRD that both films contain the δ-phase of FAPbI 3 . However, no trace of the non-perovskite CsPbI 3 was found. Thus, Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 seems to be less stable than Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 because it forms two different phases which do not contribute to the photocurrent in solar cells. The effect of these two unwanted phases on the charge carrier lifetimes was investigated with time-resolved photoluminescence experiments (Figure 3f ). We find that the charge carrier lifetimes of Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 are much lower than those of Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 , and we propose that the δ-phase of CsPbI 3 plays a decisive role here. Combining the longer charge carrier lifetimes, the higher crystalline quality, and the lower bandgap of Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 , we can conclude that this is the most promising material for the use in optoelectronic devices. EDX was used in an attempt to locate the two non-perovskite phases (δ-FAPbI 3 and δ-CsPbI 3 ) in the two films. This technique can be used to observe the spatial distribution of elements and has been used in previous studies on metal halide perovskites to study phase segregation. Examples are element maps of halogen atoms and of various inorganic atoms that are used in hybrid perovskite research. [19, 20] The EDX spectra of the spin-coated layers of Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 and Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 are shown in Figure S4 , Supporting Information. The resulting element maps are shown in Figure S5 , Supporting Information. From the lack of order in the distribution of iodine, cesium, bromine, and lead, we conclude that there is no sign of phase segregation at this resolution, which gives an upper limit to the domain size of the impurities of 50 nm. From the full width at half maximum (FWHM) of the fitted peaks in the GIWAXS data, we can extract an estimation of the average domain size for these impurities (Figure S6 , Supporting Information). Using the Debye-Scherrer equation [21] under the assumption that the domains are spherical, we obtain average domain sizes for δ-CsPbI 3 and δ-FAPbI 3 of 10-15 nm in diameter in the case of Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 . More accurate results might be obtained by characterizing the samples with transmission electron microscopy; [22] however, this is a rather challenging task for this class of materials.
Considering that we deem Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 the most promising material of the family for optoelectronic applications, we wanted to verify our hypothesis that this material is structurally stable when grown as a single crystal. Single crystals were successfully grown according to a previously reported synthesis (see Figure S7 , Supporting Information for a photograph of a millimeter-sized crystal). [16] The absorbance onset of this crystal (Figure 4a ) starts at around 790 nm and is very similar to that of the corresponding thin film (Figure 1a ). Steady-state photoluminescence is shown in Figure 4b ; the emission is centered around 770 nm, which is also in accordance with the emission of the film. However, the FWHM of the emission of the crystal is slightly narrower (39 nm) than that of the thin film (51 nm), confirming the lower degree of energetic disorder. [23] In addition, the charge carrier lifetimes extracted from the long-lived component of the time-resolved photoluminescence data (Figure 4c ) are longer on average, confirming the better quality of the crystal. The quality of the single crystal is also evident from the powder XRD pattern shown in Figure 4d . There are no visible impurities, and the peaks are narrower than for the thin films. The pattern features peak splitting ( Figure S8 , Supporting Information) and can be best fitted using a structural model with the tetragonal space group P4/mbm, where the refined lattice parameters are subgroup of the ideal cubic perovskite space group Pm-3m and corresponds to the a 0 a 0 c þ octahedral tilting scheme in the Glazer notation. [24] The same structure has been reported for both FAPbI 3 [25] and FAPbBr 3 . [26] Fitting of the peak intensities is not perfect and might indicate that a degree of chemical inhomogeneity remains in the crystal.
Conclusion
We have studied the photophysics and phase stability of Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 and Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 in thin film form. Despite the small difference in stoichiometry, these materials differ fundamentally in terms of phase purity: Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 has a lower crystalline quality when deposited as thin film. By performing GIWAXS experiments, we found that the corresponding thin film has traces of the non-perovskite phases δ-CsPbI 3 and δ-FAPbI 3 , which form small domains on the nanometer scale. Considering that Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 only has traces of δ-FAPbI 3, it is likely that the δ-CsPbI 3 impurities cause the reduced charge carrier lifetime observed in timeresolved PL measurements for the higher bromine content film. We would like to point out that established techniques such as CLSM and EDX were unable to demonstrate the existence of these impurities. We were able to synthesize Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 as high-quality single crystal, indicating that this material is structurally stable. The better material quality and relatively straightforward stoichiometry, combined with the similarity in bandgap to MAPbI 3 , indicate that Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 has good potential for the use in optoelectronic applications.
Experimental Section
Thin Film Fabrication: The films were either fabricated on glass or on prepatterned indium tin oxide (ITO)-coated glass substrates, which were ultrasonically cleaned in detergent solution, deionized water, acetone, and isopropanol, sequentially. After drying them in an oven at 140 C for about 10 min, they were treated with ultraviolet ozone (UV-O 3 ) plasma for 20 min. The substrates were transferred into a nitrogen-filled glovebox immediately for further processing. Solutions of 1 M Cs 0.1 FA 0.9 PbI 2.55 Br 0.45 and Cs 0.1 FA 0.9 PbI 2.4 Br 0.6 were made by dissolving stoichiometric amounts of PbI 2 (TCI Chemicals), PbBr 2 (TCI), formamidinium iodide (FAI) (TCI), and CsI (Alfa Aesar) in a mixture of N,N-dimethylformamide (DMF) (Sigma Aldrich) and dimethyl sulfoxide (DMSO) (Alfa Aesar) (4:1 v/v). Solutions were stirred overnight at room temperature before spin coating. Spin coating consisted of a first step at 1000 rpm for 10 s followed by a second step of 4000 rpm for 30 s. Chlorobenzene (Sigma Aldrich) was dropped as antisolvent 5 s prior to the end of the second step. Afterward, the samples were annealed at 100 C for 10 min. The resulting films had a thickness of around 450-500 nm.
Crystal Synthesis: To synthesize FA 0.9 Cs 0.1 PbI 2.55 Br 0.45 , a 0.8 M solution with respect to [Pb] was prepared. Thus, in 11.25 mL of gamma-butyrolactone (Acros, 99þ%), 1.39 g of formamidinium iodide (FAI) (prepared as described in earlier work), [16] 0.23 g of CsI (ABCR, 99.9%), 3.22 g of PbI 2 (Sigma Aldrich, 99%), and 0.74 g of PbBr 2 (Acros, 98þ%) were dissolved, generating a yellow solution. The solution was filtered through a 0.2 μm syringe filter and distributed over three 20 mL vials with a cap. The vessels were next placed in a glycerol bath preheated to 90 C and then heated to 115 C at a rate of 5 C h À1 , keeping them at 115 C for an additional 1 h. Next, the crystals were separated from the hot solution, dried with a filter paper, and placed in a desiccator over CaCl 2 .
Characterization: Thin film absorption measurements were conducted with a Shimadzu UV-3600 spectrophotometer with an integrating sphere attachment. UV-vis absorbance spectra of the microcrystalline powders were collected using a Jasco V670 spectrophotometer equipped with a halogen lamp and an integrating sphere (ILN-725) with a working wavelength range of 220-2200 nm. Barium sulfate (BaSO 4 ) was used as a reference for diffuse reflectance. The absorbance spectrum of the single crystal was estimated from reflectance and transmittance spectra collected from a thin layer of crystal that was ground into powder deposited between the glass slides. For the photoluminescence measurements, the second harmonic (400 nm) of a mode-locked Ti:sapphire laser was used as an excitation source. A pulse picker was inserted in the optical path to decrease the repetition rate of the laser pulses when needed. The laser power at the sample was adjusted by neutral density filters. The excitation beam was focused with a 150-mm focal length lens, and the fluorescence was collected by the same lens and then coupled into a spectrometer. The spectra were recorded using an Image EM CCD camera (Hamamatsu, Japan). Time-resolved PL spectra were measured using a Hamamatsu streak camera working in single sweep mode. CLSM was performed using an inverted Nikon Ti-eclipse microscope equipped with a Nikon C1 scan head. A CW laser with a wavelength of 488 nm was used as an excitation source and was focused onto the sample using a 40Â ELWD objective. The photoluminescence from the sample was collected by raster scanning the excitation beam over the surface and recording the PL at each point using photomultiplier tubes operating in three different wavelength regimes: 515 AE 30, 590 AE 50, and 780 nm long-pass. Atomic force microscopy images were acquired with a Bruker Dimension Icon using ScanAsyst mode. The XRD was performed under ambient conditions using a Bruker D8 Advance diffractometer in Bragg-Brentano geometry, and operating with a Cu Kα radiation source (λ ¼ 1.54 Å) and a Lynxeye detector. The powder XRD pattern of the crystal was collected in transmission mode (Debye-Scherrer geometry) with a STADI P diffractometer (STOE&Cie GmbH), equipped with a curved Ge (111) monochromator (Cu Kα1 ¼ 1.54 Å) and a silicon strip MYTHEN 1K detector (Fa. DECTRIS). For the measurement, the ground crystals were placed between Mylar foils with a small drop of paraffin oil. EDX maps and spectra were obtained using an FEI Nova Nano SEM 650 with an accelerating voltage of 15 kV. The Goldschmidt tolerance factor of the perovskite was calculated according to the ionic radii and formulas as described by Sun et al. [27] GIWAXS measurements were performed using a MINA X-ray scattering instrument built on a Cu rotating-anode source (λ ¼ 1.5413 Å). The 2D patterns were collected using a Vantec500 detector (1024 Â 1024 pixel array with pixel size of 136 Â 136 μm) located 93 mm away from the sample. The perovskite films were placed in reflection geometry at certain incident angles α i with respect to the direct beam using a Huber goniometer. GIWAXS patterns were acquired using a variable incident angle in the range of 0.4-2.2 to probe the thin film structure at an X-ray penetration depth ranging from close to the surface to the entire film thickness. For an ideally flat surface, the value of the X-ray penetration depth (i.e., the depth into the material measured along the surface normal where the intensity of X-rays falls to 1/e of its value at the surface) depends on the X-ray energy (wavelength λ), the critical angle of total reflection, α c , and the incident angle, α i , and can be estimated using the relation:
i Àα 2 c Þ 2 þ4β 2 Àðα 2 i Àα 2 c Þ q , where β is the imaginary part of the complex refractive index of the compound. The direct beam center position on the detector and the sample-to-detector distance were calibrated using the diffraction rings from standard silver behenate and Al 2 O 3 powders. All the necessary corrections for the GIWAXS geometry were applied to the raw patterns using the FIT2D and the GIXGUI MATLAB toolbox. The GIWAXS patterns are presented as a function of the horizontal q y and quasivertical q z scattering vector
where 2θ f is the scattering angle in the horizontal direction and α f is the exit angle in the vertical direction. Radial integration of the GIWAXS patterns leads to the integrated intensity I(q) versus q, where q is the modulus of the scattering vector: q ¼ 4π λ sinðθÞ.
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